ABSTRACT. In the presence of adhesion and under certain conditions a microsphere will be captured during a low speed impact with a substrate. The sensitivity ( ) of the capture velocity the largest initial normal velocity at which capture occurs to ve physical factors is analyzed in this paper. The factors are the Hertzian stiffness, Dupre surface energy, the microsphere radius, a damping coef cient Â associated with adhesion dissipation, and one associated with material dissipation. The sensitivity is determined by examining the effects of the factors on the capture velocity using a two-level, fractional factorial design layout. Capture velocities are determined using analytical models. Results indicate that the Dupre surface energy Â and the microsphere radius by far play the greatest role in the capture process. The Hertzian stiffness and the dissipation coef cient associated with adhesion affect capture to a lesser extent; an interaction of the surface energy and the adhesion energy dissipation can also play a small role.
INTRODUCTION
( When microparticles particles in the nomi-) nal size range from about 1 m m to 100 m m with an initial normal velocity move into contact with othe r particles or a surface ( ) substrate , they are subject to a variety of special contact forces. These include electrostatic , capillary, contact potential , gravitational, and van der Waals forces. Adhesion, primarily the van der Waals force , is the result of molecular attraction across the contact interface. It is the force considered in this paper. Although a great de al is known about microparticle contact forces, many questions still remain. The van der Waals force is known to interact with and ( be in¯uenced by body deformations Israe-) lachvili 1985 . From the static, particlesurface interaction studies of Derjaguin et ( ) ( ) al. DMT; 1975 , Johnson et al. JKR; 1971 and othe rs, it is known that the force acts as an attraction force distributed in proximity to the periphe ry of and in equilibrium with a compressive force distributed within the contact area. The distributed compressive force usually is modeled using Hertzian ( ) mechanics. Johnson and Pollock 1994 indicate that adhesion is irreversible and bidirectional with conside rably more work needed to separate a particle from a surface than the work of attraction. Experi-( ) ments by Horn et al. 1987 provide experimental con® rmation and illustrations of this behavior. Among behavior not well known is the nature of how tangential contact forces, namely the friction, combine with van der Waals force and whether or not models such as the Amontons ] Coulomb law are appropriate . Also not well known is the dynamic behavior of the adhesion process, particularly energy dissipation associated with these forces during impact. Other unknowns include a lack of knowledge of material propertie s of microparticles as inuenced by size effects and by high strain rates. Finally, direct observation and me asurements of displacements, forces, stresse s, and deformations during impact currently are practically impossible .
It is well known that microparticles can attach to othe r particles and r or surfaces during low speed impact, a process referred to as capture. Unfortunate ly, the conditions of dynamic attachment cannot be measured directly because most experimental me asurements are designed to me asure and compare approach and rebound kinematics. If rebound doesn't occur, most instruments and me asurement schemes are ineffective. So attachment conditions often are extrapolated from measurements at initial velocities as ne ar as possible to capture. Although dif® cult experimentally, modeling of capture can be done relatively easily with the use of analytical models of the impact process. In this paper, two such analytical models and a curve ® tting procedure to ( extrapolate to capture conditions see Brach ) and Dunn 1995 are used to relate capture to the physical parameters of the impact and adhesion processe s. The analytical models have been validated experimentally and some values of the models' parameters are based on experimental data. Using these models together with methods from the ( ) design of experiments DOE , this paper examines the sensitivity of the capture process to the impact and adhesion process parameters.
A few comments are made here for the bene® t of readers unfamiliar with the DOE. An analogy can be drawn to the m ethod of least squares and statistical regression analysis. The method of least squares can be used as a curve ® tting technique without reference to any statistical prope rties of the points forming the curve. On the other hand, with knowledge of the statistical prope rties of the distribution of the points , statistical tests can be applied and inferences drawn using methods of regression analysis. Likewise , DOE can be viewed simply as a scheme or approach for systematically and ef® ciently laying out a set of experiments, in this paper,``computer experiments.'' It is a linear, orthogonal , multidimensional model of the response contrasts that reveals the relative importance of the parameters that control the me asured response , here , the capture velocity compute d from analytical models. On the other hand, if the statistical prope rties of the input data are taken into account, tests of the signi® -cance and inferences can be drawn. This is not done in this paper; no hypothesis testing is done and no statistical inferences are made. Conclusions from the results of the application of the DOE are made only about the relative importance of the various process factors. Brie¯y, the procedure followed is ® rst to identify the most important physical quantities associated with microparticle impact ( process. These material stiffne ss, surface energy, microsphere radius, and two dissi-) pation constants are tre ated as factors that ( ) control the response capture velocity . Because of the availability of experimental ( ) data Li et al. 1999 and Dunn et al. 1995 , the factor values correspond to stainless steel microsphere s and a silicon surface and their ranges are chosen to represent re alistic variations. According to the DOE the response is calculated for combinations of high and low values of the factors based on a fractional factorial layout. The results are then analyzed using the line ar, orthogonal DOE response-factor relationships to assess the relative importance of the factors on controlling the response . This is done for high and low levels of the factors chosen on the basis of two criteria. The ® rst attempts to estimate realistic variations as encountere d in experimental me asurements and theoretical determination of the nominal values of the factors. The othe r is a uniform percentage variation about the nominal values.
IMPACT MODELS
Despite an incomplete knowledge of the impact and capture process, two fairly effective engineering models of the impact process have been developed by Brach and ( ) Dunn 1995 . The ® rst is a simulation model. To the authors' knowledge , this is the only model of microsphe re impact that can predict capture , that speci® cally introduces dissipation due to the adhesion pro-( cess as opposed to attributing all energy ) loss to plastic deformation in the materials , and that explicitly contains the factors listed above. This model uses a line attraction force , 2p af , distribute d around the pe-0 riphery of a circular contact region to represent the van der Waals force , where a is the dynamic contact radius and f is the 0 adhesion force per unit length. Hertzian mechanics and velocity dependent material and adhesion dissipation are combine d to develop a hysteresis-type force throughout an impact cycle. All of the microparticle and process parameters are calculated from known physical processe s except the dynamic dissipation constants z and z .
A H
These are determined by matching the simulation to experimental results. Once determined, these are held ® xed and the simulation predicts rebound and capture for all othe r values of the physical process parameters. The model itself is a system of ordinary differe ntial equations of motion of a microsphe re integrated numerically to produce displacement , velocities, and forces. The second model developed by Brach ( ) and Dunn 1995 is based on rigid body impact theory and is referre d to as a rigid body impact model. This is an algebraic model that uses coef® cients to represent the material and adhesion process behavior. The coef® cients are the coef® cient of restitution, R , de® ned in the absence of adhesion, an overall coef® cient of restitution, e, in the presence of adhesion, an adhesion coef® cient, r , and a tangential impulse ratio coef® cient.
1 The coef® cients and the capture velocity are dependent on the system parameters and the initial normal velocity. The dependence of the overall coef® cient of restitution and the capture velocity, v , on the initial velocity is reprec sented by a set of algebraic equations whose constants are determined by ® tting impact response data. These tted equations are based on these coef® cients and are used with the rigid body model to predict microsphere impact and capture velocity.
In this paper, the two models and the ® tted equations are combine d through the following sequence to calculate the capture velocity for the chosen factor values for the DOE sensitivity study:
1. experimental data is used to determine the dissipation coef® cients z and z of A H the simulation model , 2. the simulation model is used to determine the impact behavior over a wide range of initial conditions , 3. the simulation results are used to determine the constants of the ® tted equa- 1 The impulse ratio coef® cient is not used here be-( ) cause only normal not oblique collisions are considered.
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Aerosol Science and Technology 562 tions of the rigid body model, including the capture velocity.
CALCULATION OF FACTOR LEVELS AND CAPTURE VELOCITIES
Five basic factors are selected from the process of impact with adhesion. These ® ve (which are dependent on the othe r physical ) parameters listed in the Nomenclature are the microsphere radius, r, the Hertzian stiffness , K , the Dupre surface energy, w , Â A the damping constant, z , associated with A adhesion energy dissipation , and the damping constant , z , associated with material H energy dissipation. An analysis using the ( ) DOE approach see Guttman et al. 1982 require s that each factor be assigned low ( ) and high values y r q . The capture velocity is calculated from simulations of the impact process for the low and high factor combinations. Finally, the signi® cance of each factor is estimated and all are compared. Although the DOE itself is not necessar-( ily a statistical model, input quantities fac-) tors have a statistical basis and statistics plays a role in interpre ting the output. Values of the factors now are computed that generally correspond to microsphe re and substrate materials used in experiments by ( ) Li et al. 1999 . It is assumed that these factors are random variables and possess a statistical distribution that can be approximated as Gaussian with mean m and variance s 2 . Each nominal value is treated as the me an, and variations are estimated and used to approximate the variance. Varia-( tions of some factors such as the distribu-) tion of particle radii are representative of an experimentally sampled statistical distri-( bution. In othe r cases such as the Hertzian ) stiffness , the range of factor values represents uncertainty in the physical prope rties of the materials. Two sets of low and high values of the factors are determined. The ® rst is referred to as realistic variations and ( corresponds to " 1 s one standard devia-) tion of the assumed distributions of the factors. The second is a set of uniform variations of " 5% of the nominal values. Each of these two sets then is subjected to a sensitivity analysis based on the DOE. A detailed description of the determination of what are referred to as the realistic variations is now given.
Hertzian Stiffness, K
The Hertzian stiffne ss is determined from the following equation: 
The Microsphere Radius, r
The range of the microsphe re radius is determined from the measurements taken by a phase Doppler particle analyzer of the microsphe res used in previous experimental work. A histogram of the radius measurements is plotte d in Figure 1 . For the DOE study, the average radius is m s ( )( )
where r and e are highly dependent on the initial velocity, v . The constants v , k , n c 1 and k are determined using a nonline ar 2 least-squares ® tting procedure. A typical plot of the curve ® tting is shown in Figure  2 . Note from Equation 9 that when v s v , n c r s 1 and e s 0. Table 2 shows the factor level combinations and experimental layout for a 2 5 y 1 fractional factorial design where , in the exponent , 5 represents the numbe r of factors ( ) and 1 is the factorial fraction. The y r q ( signs represe nt the corresponding low r ) high levels of each factor value from Table  1 . Data collected according to such a factorial scheme allows the ef® cient calculation, 
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The " signs in Equation 10 are those corresponding to the appropriate column in Table 2 for each single effect , A , B ,. . . , E and the interactions. For example , the main effect of A for the case of re alistic varia-( tions is ME s y 0.145 q 0.150 y 0.262 A ) q . . . q0.180 r 8 s y 0.002 or y 0.2% . Because fractional factorial designs are used here , the main effects of the factors and the factor interactions are aliased or confounded. An inherent assumption is that the effects of the high order interactions (the interactions between combinations of ) 3 or more of the 5 factors are negligible or insigni® cant. Furthermore , if the controlled variations of a number of factors produce no signi® cant effects on the capture velocity, the main effect calculated from Equation 10 of those factors tend collectively to behave as a small random error. On the other hand, if a factor's variations signi® -cantly affect the capture velocity, its main effect will stand out from the others. Consequently, the signi® cance of the individual factors and lower order interactions can be determined by plotting the main effects and interactions of the factors against normal probability coordinate s. So the main effects, such as the y 0.2% for factor A ( ) Hertzian stiffne ss as calculated above , are plotted along the abscissa in Figures 3 and  4 . The probability coordinate s for the ordinate values are compute d using a formula based on order statistics as describe d in ( ) Guttman et al. 1982 . Those points that stand out, away from the random variations near a normal probability line , indicate signi® cant factors. The relative distance from the line indicates the relative signi® cance of the factor.
DISCUSSION AND CONCLUSIONS
When the factor effects from a fractional factorial are plotted on normal probability paper, they form a pattern. Those effects Figure 3 shows the main effects of the realistic variations and re adily indicates that all but two of the effects are insigni® cant. The two are B , the Dupre surface energy, Â and C , the microsphere radius. In essence ( ) this means that the y r q levels of the radius and the Dupre energy had an over-Â whelming in¯uence on the capture velocity compared to the changes of the other 3 factors, and to all interactions. For example , the change in Hertzian stiffne ss from 119.4 to 130.0 has little or no effect in in¯uencing the capture velocity compared to the change of 25 m m to 41 m m in the radius. It is rather clear that w and r are A not only the most signi® cant factors in inuencing the capture velocity but also that they totally outweigh the othe rs. Note also that the signs of the effects indicate thè`d irection'' of in¯uence. The main effect due to the radius, C , is negative , so the capture velocity is inversely related to radius. The sign of the surface energy factor, B , is positive , so the greater the energy, the more likely capture will occur. Figure 4 shows that for uniform percentage variations, othe r factors assume signif- Fractional factorial designs are known for their ef® ciency, but they have a disadvantage in that the effects of the factors are tied up, or confounde d, with higher order interactions. The results displayed in Figures 3 and 4 clearly show that all third-and ( fourth-order interactions as well as all but ) one second-order interaction are insignificant. Consequently, it can be concluded safely that for the ranges of variations of the factors used in the study, capture is controlled overwhelmingly by the particle size and the Dupre surface energy. Othe r Â factors such as the Hertzian stiffne ss and the adhesion damping will be signi® cant, particularly if the radius and Dupre energy Â remain relatively constant, but interactions can be disregarded. 
